During World War II, the number of infections caused by the dermatophytes reached alarming heights in the armed forces. This fact stimulated the search for agents that could not only inhibit the fungi but also kill them. Therefore, in investigating chemotherapeutic agents, both fungistatic and fungicidal activity must be examined, and to accomplish this, standard in vitro methods must be employed that eliminate as many variables as possible. Species and strains must be examined to ascertain if the difference in susceptibility to the agent precludes the use of a single species or strain of standard resistance for the test organism. The present studies represent an attempt to devise satisfactory methods for fungistatic and fungicidal tests, using the fatty acids as the anti-fungal agent, and to study the relative susceptibilities of several species and strains of fungi to these agents.
Peck and Rosenfeld29 demonstrated the fungistatic action of various fatty acids against Trichophyton gypseum. Keeney and Brayles'8 investigated the fungistatic and fungicidal action of sodium propionate and pointed out that this salt was fungistatic for both Trichophyton gypseum and Trichophyton purpureum, although at different concentrations, but fungicidal for Trichophyton purpureum alone. In 1941, Cowles' had demonstrated that as the pH was lowered increased bactericidal action was exhibited by the fatty acids, and that at any fixed pH level the effective concentrations of the series varied according to Traube's rule. Kirby et al. 23 concluded that the disinfecting property of acetic acid against molds was a function of pH.
To see if the observations of Cowles held true for the dermatophytes a number of experiments were undertaken. The fungistatic and fungicidal action of the series of fatty acids from formic acid to caprylic acid in the saturated series was investigated originally, pelargonic acid being introduced in later tests. Of the unsaturated series, undecylenic acid was employed.
The application of Kirby's hypothesis to the dermatophytes was examined by carrying out fungistatic and fungicidal experiments at pH 5.5, pH 6.5, pH 7.5, and pH 8. 5 .
Four strains each of Trichophyton gypseum and Trichophyton purpureum were used in an attempt to determine whether or not there is a variation in the resistance of strains to the action of the fatty acids. Sultzberger, 36 and Conant5) that the infections due to Trichophyton purpureum are more resistant to therapy than those due to Trichophyton gypseum, the inclusion of both species in the tests might be expected to reveal whether or not this clinical peculiarity might be correlated with in vitro susceptibility to the acids. Therefore, both species were used in investigating the activity of the fatty acids. Materials and methods Culture media. The media upon which the stock cultures were grown consisted of 20 gm. of agar, 20 gm. of dextrose, and 10 gm. of neo-peptone in 1000 ml. distilled water. Before sterilization, the agar was adjusted to pH 5.7.
Fungistatic experiments: Sabouraud's dextrose broth and double strength Sabouraud's dextrose broth were prepared and the pH was adjusted to values of 5.5, 6.5, 7.5, and 8.5.
After autoclaving, 10 ml. of broth were pipetted into each of several tubes which were allowed to stand at room temperature for at least 24 hours to test for sterility.
It was also determined that the pH of the broth changed only ± 0.1 pH on standing at room temperature for 2 weeks.
Fungicidal experiments: The same media, prepared in the same way, were employed with a final pH of 5.7, since this pH seemed optimum for growth.
Cultures. Four strains of Trichophyton gypseum (ST17, O'Connor, Paul, and N/Rf) and four strains of Trichophyton purpureum (A17, L17, PW, and Adel) were employed throughout the entire study. The organisms were isolated from patients in the Dermatology Clinic at the New Haven Dispensary and in the New Haven Hospital.
The organisms were identified by the criteria laid down by Emmons8 and Conant.5 Macroscopically, the Trichophyton gypseum strains were powdery and of a light buff hue, the reverse of the colonies being brownish in color. Numerous microconidia and chlamydospores were seen. The macroconidia were large, thin-walled, multicelled, clavate, and few in number.
The strains of Trichophyton purpureum were velvety in appearance and on Sabouraud's dextrose agar a purple pigment developed on the reverse of the colony. Multicelled, clavate macroconidia, chlamydospores, and racquet hyphae were observed but were very rare. The number of microconidia was much less than is usually observed in the gypseum group.
To test for pathogenicity, conidial suspensions of all strains were inoculated into guinea-pigs. The time from the beginning to the regression of the lesions was about 12 days for the Trichophyton gypseum cultures and approximately 30 days for the strains of Trichophyton purpureum.
The stock cultures were transferred at ten-day intervals on Sabouraud's dextrose agar and incubated at 30°C.
Spore suspension. The cultures that were used in the various experiments were grown on Sabouraud's dextrose agar in Roux bottles for 25 to 30 days so that a greater surface growth and yield of spores could be obtained. In order to standardize the inoculum, only conidia were to be used in the fungistatic and fungicidal tests and, therefore, it was necessary to separate them from the hyphal elements. This was accomplished by shaking by hand for 3 to 5 minutes the bottles into which small glass rods and saline had been introduced. By this procedure, the microspores were freed from the hyphal elements. The suspension was subsequently filtered through sterile absorbent cotton which removed the hyphal elements and allowed the conidia to pass.
The number of conidia in the suspension was determined by the hemocytometer method, and the suspension was diluted, if necessary, so that it would contain 5,000,000 conidia per ml.
Inoculum. One-half milliliter of a spore suspension, containing 5,000,000 conidia per ml., was used for the inoculum in the fungistatic and fungicidal tests.
Fatty acids. The following acids, obtained from the Eastman Kodak Company, were used:
The amount of acid necessary to give the desired molar concentration was pipetted into sterile 100 ml. beakers. To this was added the approximate amount of NaOH necessary to adjust the solution to the desired pH. Sterile distilled water was added to bring the volume to within 10 ml. of the final amount desired. The solution was then adjusted to the desired pH by means of NaOH, using the Beckman pH meter, and transferred to a sterile volumetric flask. The idctstenme of strains which exhibited fungistatic activity at that dilution. The symbol "X" represents the lowest dilution at which growth was always exhibited. Since the tests of the action of the acids were accurate to only plus or minus one dilution, a broken line is drawn through these three points, and it is assumed that fungistatic action is exhibited somewhere within the range indicated by the most distal and proximal point. From Chart I, which indicates the response of Trichophyton gypseum to the fatty acids, it is observed that from formic acid through caprylic acid a straight line can be drawn between the dilutions that exhibit fungistatic activity. Therefore, the potency of each acid increases in geometric progression. The slope of the line is about -0.3. Therefore, the log of the molar concentration decreases about 0.3 units for each member as we ascend the series of fatty acids, or expressed in another way, the fungistatic potency of the acids increases two times with the addition of the methyl group. Thus, it may be concluded that Traube's rule, which states that in an homologous series of surface active substances (e.g. fatty acids) the potency of each substance is two to three times that of the preceding one, can be applied to the activity of the fatty acids against the dermatophytes at pH 5.5.
The fungistatic value of undecylenic acid, which is the 11-carbon unsaturated fatty acid used, does not fall on the straight line. This behavior might be attributed to the fact that the acid is a member of the unsaturated series.
On pressing effect approximately twice that of the preceding acid. Again, the discrepancy observed with undecylenic acid may be due to the fact that it is unsaturated.
If Chart II is superimposed on Chart I, it can be seen that the two are almost identical. The very slight variations that occur may be attributed to experimental error. Therefore, it may be concluded that in in vitro studies, no appreciable difference can be observed in the fungistatic effects of the fatty acids at pH 5.5 on Trichophyton gypseum and Trichophyton purpureum. pH 6.5. From Charts III and lV it can be ascertained that the behavior of the fatty acids against the strains of Trichophyton gypseum and Trichophyton purpureum at pH 6.5 is similar to that at pH 5.5. The conclusions that can be drawn are essentially the same. The variation of one dilution in measuring fungistatic action is probably due to the experimental error inherent in the method employed. pH 7.5. Charts V and VI summarize the fungistatic results obtained against the various strains of Trichophyton gypseum and Trichophyton purpureum atpH 7.5.
When the number of carbon atoms is plotted against the log of the molar concentration, (Charts V and VI), an interesting deviation from the straight line obtained at pH 5.5 and 6.5 is noticeable. There seems to be a break between valeric acid and caproic acid. Therefore, the lower members of the fatty acid series (formic acid to valeric acid) would seem to be less active than the higher members of the series (caproic acid to undecylenic acid). for the higher members. This can be ascertained by examining Chart VIIIa.
It can be calculated that when the pH is raised from 5.5 to 6.5, the number of undissociated molecules decreases 8.5 times and from pH 6.5 to pH 7.5 the decrease is ten-fold. Therefore, since the factors which express the decrease in undissociated molecules as the pH is raised from 5.5 to 6.5 and from 6.5 to 7.5 show the same trend and a fairly close agreement to the factors expressing decreased potency, it may be concluded that the activity of the acids probably depends on the undissociated molecules. each species at 2 hours, and at 24 hours the same ability was shown by formic acid. Caproic acid, heptylic acid, and caprylic acid were not fungicidal even at 24 hours in the concentrations employed.
By referring to Charts IX and X, which present an idealized picture, and to tables 1 and 2, it can be seen -that fungicidal activity at 30 minutes might be expected to appear only in propionic acid if potency increases in geometric progression. The At one, two, and four hours, activity is observed in all the acids that would be expected theoretically to exert an action. However, formic acid is an exception. It does not exert an action at these time periods. The activity at two hours, four hours, and twenty-four hours exhibited by pelargonic acid and which is theoretically not to be expected might be due to inaccuracy of method or to an impurity in the acids, since this activity is seen in all the experiments. The log of the highest molar concentrations employed for caproic acid, heptylic acid, and caprylic acid fall well below the con-+; centration that, by inspection of Charts IX \ \ \ and X, would be expected to exert fungi- This might be expected since the highest tested dilution of the higher members of the series that display growth would theoretically fall just on the borderline of fungicidal activity (Charts IX and X).
Since the time of subculturing increases in geometric progression with a common ratio of 2, an even rise in fungicidal activity for any one acid would be expected between 30 minutes and 4 hours. This seems to be true from Charts IX and X. Activity of each acid that exerts fungicidal action increases 0.2 log units as the time is doubled. Therefore, from this discussion it may be concluded that the concentration exponent of the formula c't = k is 1.5.
Since the common ratio of increase in time is 2, a calculated increase of 0.47 log units would be expected for the increase in activity from 4 hours to 24 hours. However, the increase is only 0.26 log units, thus giving a concentration exponent of 3. This might be due to the normal death rate that might be resulting, entirely unrelated to the effect of the fatty acid upon the fungus.
No significant difference in resistance is observed between strains or between species. pH 6.5, 7.5, 8.5. Fungicidal activity against Trichophyton gypseum and Trichophyton purpureum was not present at these pH values with the concentrations of fatty acids used.
Summary of activities of pH. The results obtained for the fungicidal activity of the fatty acids at the various pH levels might be explained theoretically if they could be correlated with the results of the fungistatic tests. It was shown that for the fungistatic experiments, as the pH was increased from 5.5 to 6.5 the log of the molar concentration increased by 0.8, and from pH 6.5 to 7.5 the log of the molar concentration increased by 1.0. If this same increase in potency were to be expected for the fungicidal experiments, the activity at pH 6.5 for 24 hours should correspond to the results observed at 30 minutes at pH 5.5. However, no fungicidal action is observed at pH 6.5 in 24 hours. This can be explained by the fact that since the methods employed are only accurate to + one dilution, the time is just below that necessary to give positive results.
Since the expected concentrations at pH 7.5 and pH 8.5 for fungicidal activity of the fatty acids are well above those used in the experiments, the negative results obtained are to be expected.
Discussion
Methods. The terms "fungistatic" and "fungicidal" have been used too loosely for many years. The terms should be used in the same manner as bacteriostatic and bactericidal. A fungistatic substance, therefore, is one which prevents the growth of fungi while in contact with the organism; a fungicidal substance has a much more drastic effect in that it has the power of killing the fungi. Although it is difficult to determine where fungistatic action ends and fungicidal action begins, an attempt should be made to develop two tests that may fairly accurately differentiate between the two.
Peck,29 in investigating the effect of the fatty acids on the dermatophytes and other pathogenic fungi, used two techniques to which he applied the terms "plate method" and "pellicle method." The "plate method" consisted of preparing Sabouraud's dextrose agar, adding the required concentration of the fatty acid to the agar before pouring the plates, and then inoculating the plates after they had hardened. The "pellicle method" consisted of making up "1OX" Sabouraud's dextrose bouillon, adding saline to the substance under investigation to get the concentration desired, adding the test substance to the "1OX" bouillon, and finally adding enough spore suspension to make the final concentration of Sabouraud's bouillon one-tenth of the "IOX" medium.
Peck used the terms "fungicidal" and "inhibitory" interchangeably, but the methods employed by Peck do not insure that the organisms are killed. They prove that while the fungi are in contact with the chemical agent, they are unable to grow. Therefore, it must be concluded that both methods measure fungistatic activity.
Keeney et al.18 9, 20 employed the technique of Schamberg and Kolmer. The specified amounts of fatty acid were added to melted dextrose agar to obtain the desired concentration of acid. The medicated agar was thereupon adjusted to the desired pH. The same amount of agar, for each concentration, was then placed in test tubes, autoclaved, and slanted. These tubes were seeded on the next day with 2 cm.2 blocks of 2-week agar cultures grown at 300C. The final reading was taken at the end of 21 days.
While this method gave inhibition in certain concentrations, one may question its value in yielding comparable quantitative results since the inoculum would seem to be controlled with difficulty and there is uncertainty as to the actual strength of acid in contact with the organisms.
One method used to test the fungicidal action of the fatty acids was to take the squares that had grown in the fungistatic experiments, transfer them to unmedicated agar and take a reading 21 days later after the cultures had been incubated at 30 0C.
This method fulfills the requirements of the definition of fungicidal activity and is suitable if the amount of acid transferred from the medicated to the unmedicated agar is negligible. However, it is effective only for cultures exposed for a very long time, and, furthermore, in it the inoculum is never a standard quantity. A different amount of hyphal elements and spores may be transferred with each inoculum. Therefore, the action of the chemical agent is measured against both spores and mycelia without standardization of the morphological form of the organism to be tested.
Two other fungicidal methods had been employed. One method consisted in flooding 1 cm. square agar blocks containing the culture with about 15 ml. of the fatty acid for the desired length of time. The matted cultures were washed by placing them in 10 ml. of sterile dextrose broth and were shaken for five minutes. The squares were then planted on agar, allowed to remain for three weeks at 37°C., and the results were recorded. This method, although fungicidal in nature, has the objection that the morphological form and amount of inoculum was not standardized. The second method was essentially the technique of Emmons and will be described later.
Hillegas and Camp14 employed the cylinder method for examining the fungistatic action of dyes and fatty acids. Small glass cylinders were placed on agar, sealed to the agar by applying the cylinders when warm, and the substance to be tested was placed within. A minimum zone of inhibition 14 to of a conidial suspension containing about 100,000 spores per ml. was added at zero time to the desired concentration of the fungicidal agent. At specified times, 1 ml. portions of the conidia-acid suspension were removed and transferred to tubes containing 10 ml. of I per cent NaHCO3. These were centrifuged, the supernatants decanted, 15 ml. of Sabouraud's agar were added, and pour plates made. The number of surviving spores was estimated after a suitable time, as determined by the controls.
The method of Emmons8'9 consisted of setting up serial dilutions of the water-soluble fungicides to be tested. These were placed in a 20°C. water-bath and at intervals of 30 seconds, 0.5 ml. of a conidial suspension containing 5,000,000 spores per ml. were added. After specified time intervals, 5, 10, and 15 minutes, as is customary in the phenol coefficient test, sub-transfers were made to 10 ml. of dextrose broth by means of a 4 mm. loop. By only touching the loop to a first tube of broth and then immersing it in a second tube, Emmons stated that any acid which might have exerted a fungistatic action on being transferred was sufficiently diluted so as not to exert this activity.
The fungistatic method employed in the present investigation, which seems most accurately to carry out the conditions necessary for testing fungistasis, is described under procedures, and, as can be seen, is a variation of Peck's "pellicle method." In this method, the concentration of the broth was kept constant at single strength by pipetting the sterile distilled water solution of the acid into double strength broth, thus converting it to single strength broth. The number of conidia inoculated was kept at 2,500,000 conidia per 0.5 ml., the number of conidia being measured by the hemocytometer method of counting white blood cells. All the tubes were then incubated at 30°C. after being shaken by hand.
The method employed for the fungicidal experiments is essentially that of Emmons, with a few major variations. When the author used the loop method, the results of the tests were inconsistant. Sometimes growth would appear in the first sub-transfer tube, sometimes only in the second sub-transfer tube and often in both tubes. Serological pipettes were, therefore, substituted, and 0.01 ml. of the conidia-fattyacid suspension was transferred to 10 ml. of broth. The With undecylenic acid a dilution of 1:2000 at pH 5.0 and of 1:8000 at pH 6.0, 7.0, and 8.0 was found necessary for fungistatic action. This is just the opposite of the theoretical expectation and of the findings in the current investigation. Although it is stated that tri-ethanolamine was used for adjusting the pH of the fatty acid solutions because it exhibited no fungistatic or fungicidal power, the question of what effect it might exert when combined with the fatty acids still remains unanswered.
Wyss reported39 from his fungistatic tests that the activity of the fatty acids increased as the carbon chain was lengthened and the decrease in activity for the short chain fatty acids was greater than for the long chain acids as the pH was increased. These are basically the same results that were observed in the present experiments. By further examining the results of Wyss, it can be seen that the difference in log of molar concentration between pH 5.5 and pH 6.5 and between pH 6.5 and pH 7.5 is about 0.8 log units. These results support the conclusion that the activity of the fatty acids depends on the amount of undissociated ions present in the solution.
While a straight line was obtained in the present study at pH 6.5 and the break in the slope came at pH 7.5 and 8.5 for all acids above and including caproic acid, Wyss, in his examination of the effect of pH on the fungistatic action of the fatty acids on Trichophyton interdigitale, obtained this difference beginning with pH 6.5 and from heptylic acid on. This might be due to the fact that in the concentrations employed by Wyss, an emulsion was probably formed at pH 6.5 and pH 7.5 from heptylic acid on, while in the concentrations employed in the present experiments an emulsion was obtained when more acid was dissolved into the solvent at pH 7.5 and pH 8.5 from caproic acid on to obtain a high enough concentration to show fungistatic action.
Keeney found, in his fungistatic experiments, that Trichophyton gypseum was less resistant to the fatty acids than was Trichophyton purpureum. Wyss stated that the opposite was true. The present tests, however, seem to indicate that there is no appreciable difference between the two species.
At the same time that he tested the fungistatic action of sodium propionate, Keeney, using a 10 per cent and 20 per cent salt solution of that acid undertook experiments to determine the fungicidal action against Trichophyton gypseum and Trichophyton purpureum at pH values of 5.5, 6.0, 6.5, 7.0, and 7.5. He found that the concentrations employed were not active against Trichophyton gypseum at the various pH levels. However, at pH 5.5 sodium propionate in a 20 per cent solution was fungicidal against Trichophyton purpureum at 30 minutes and one hour, and in a concentration of 10 per cent in 24 hours at pH 5.5 and 6.0.
The present results differ from those of Keeney in that no difference in resistance was exhibited by the two species against the lethal activity of propionic acid.
Propionic acid and undecylenic acid were used in the fungicidal experiments carried out by Hillegas and Camp.'4 Using a 1:5 dilution and exposing the organisms for no longer than 10 minutes, they found that activity was observed only at pH 4.96, the lowest value used. This is in agreement with the present findings. Undecylenic acid, adjusted with triethanolamine, was fungicidal at 10 minutes in a dilution of 1:60 at pH 5.0; 1:30 at pH 6.0; 1:40 at pH 7.0; 1:80 at pH 8.0. These results are the reverse of those obtained in the current investigation. The explanation may lie in the use of triethanolamine.
Conclusions Methods in which as many variables as possible are eliminated are proposed as a standard for in vitro fungistatic and fungicidal testing of the fatty acids.
The fungistatic and fungicidal actions of the fatty acids in the series from formic acid to undecylenic acid increase with the length of the carbon chain and this change takes place regularly, following Traube's rule.
The fungistatic and fungicidal actions of the fatty acids decrease with an increase in pH.
At pH 7.5 and pH 8.5 the higher members of the series are more active than are the lower members. It is suggested that this may be due to the fact that an emulsion rather than a solution is formed by the higher fatty acids at pH 7.5 and pH 8.5.
The evidence suggests that the activity of the fatty acids is due to the undissociated molecules rather than to the ions.
There is no appreciable difference in resistance to the fatty acids between Trichophyton gypseum and Trichophyton purpureum or between the respective strains of each species employed in these experiments.
